INTRODUCTION
Unsteady magnetohydrodynamic (MHD) boundary layer flows continue to stimulate significant interest in engineering sciences and applied physics owing to new emerging applications in magnetic materials processing [1] , optimization of Hall and Faraday MHD generators [2] , heat transfer control in nuclear reactors [3] and external ionized aerodynamics of flight vehicles [4] .
The combined momentum, heat, and mass transfer from a vertical surface is particularly relevant to polymer processing dynamics [5] and also arises in electrochemical treatment of materials [6] .
These flows may involve transverse static or alternating magnetic fields, oblique magnetic Numerous transport processes feature combined buoyancy forces due to both thermal and mass diffusion in the presence of chemical reaction [7] . These processes are observed in chromatography, manipulation of materials, furnace combustion systems, solidification of binary alloys and crystal growth dispersion of dissolved materials, drying and dehydration operations in food processing plants, and rocket atomized liquid fuel burning. The presence of foreign mass in water or air may frequently generate some kind of chemical reaction. In many chemical engineering processes such as polymeric sheet extrusion, chemical reactions, which may be homogenous or heterogenous occur between a foreign mass and the fluid material which moves as a sheet. The interaction between homogeneous reactions in the bulk of fluid and heterogeneous reactions occurring on some catalytic surfaces is generally very complex, and this phenomenon may yield and also consume reactant species at different rates both within the fluid and on the catalytic surfaces as elaborated in detail by Aris [7] . Many simplified mathematical models of such processes (often termed Sakiadis flows) have been communicated. Das et al. [8] [10] employed Arrhenius chemical kinetics to examine inherent irreversibility and thermal stability in reactive magnetohydrodynamic isothermal channel flow, deriving solutions based on a perturbation method coupled with a special Hermite-Pade' approximation technique. They studied the velocity field, temperature field and thermal criticality conditions and computed volumetric entropy generation numbers, irreversibility distribution ratio and the Bejan number for the flow, demonstrating the sensitivity of stability to chemical reaction effects. Uddin et al. [11] studied magnetized reactive nanofluid flow numerically, noting that the flow is accelerated and temperatures increased while nanoparticle volume fraction is suppressed with increasing order of chemical reaction. Rao et al. [12] examined the chemical reaction effects on transient magneto-convection in porous media with heat generation. Zueco et al. [13] used an electrothermal network method and the PSPICE 3 software to analyse double-diffusive reactive convection from a buried cylinder in geological material. Mukhopadhyay et al. [14] examined transport of a species (solute), undergoing a chemical reaction, between a moving surface and a moving stream, showing that concentration boundary layer thickness is reduced with greater Schmidt number and reaction rate parameter, and mass absorption at the plate arises with a constructive chemical reaction. Makinde et al. [15] studied variable viscosity effects on a radially stretching nanofluid surface. Siddheshwar and Manjunath [16] investigated the effects of heterogeneous chemical reaction on the exchange, convective and diffusive coefficients in transient dispersion in a micropolar tube flow, showing that first coefficient arises due to the catalytic wall reaction which also modifies the other two coefficients.
Unsteadiness is also an important in coupled thermal and species diffusion problems. Time can have a significant influence on evolution of concentration and temperature profiles in boundary layer flows. Representative investigations of transient convective heat and mass transfer include Ruckenstein [17] , Chang et al. [18] employed a local non-similarity method to study unsteady species diffusion in non-Newtonian boundary layer flows along a porous sheet. Unsteady nanofluid flow from a rotating stretching polymer sheet has been analyzed using a finite element method by Rana et al. [19] . Further studies of time-dependent diffusive boundary layer flows include Hussanan et al. [20] who considered unsteady magnetic convection in permeable materials with special thermal boundary conditions. The above studies have neglected so-called "cross diffusion" effects. When heat and mass transfer occur simultaneously driving potentials between the fluxes can be of a more intricate nature. An energy flux can be generated not only by temperature gradients but by composition (species diffusion) gradients. The energy flux caused by a composition is called the Dufour or diffusion-thermo effect. Temperature gradients can likewise also create mass fluxes, and this is termed the Soret or thermal-diffusion effect. Generally, the thermal-diffusion and the diffusion thermo effects are of smaller-order magnitude than the effects prescribed by Fourier's or Fick's laws and are often neglected in heat and mass transfer processes. The thermal-diffusion effect, for instance, has been utilized for isotope separation and in mixing between gases with very light molecular weight (Hydrogen, Helium etc) and of medium molecular weight (Nitrogen-air) the diffusion-thermo effect was found to be of a significant magnitude. A very good review of the fundamentals of Dufour-Soret convection is provided in Gebhart [21] Soret (thermo-diffusion) and Dufour (diffusion-thermo) effects included. They showed that increasing Soret number and simultaneously decreasing Dufour number boosts the local heat transfer rate (local Nusselt number) with the converse response computed for the mass transfer rate (local Sherwood number). Bég et al. [25] investigated Soret and Dufour effects on magnetoconvection along an extending sheet embedded in a porous medium. Further examples of SoretDufour convection include Uwanta et al. [26] who examined magnetized Soret-Dufour flow from a vertical sheet under buoyancy forces. Bég et al. [27] studied Soret/Dufour effects on inclined plate solar panel convection.
Materials processing is frequently conducted at very high temperatures in which thermal radiation becomes significant. The interaction of buoyancy with thermal radiation is also often present in such processes and this permits the modification of flow fields and heat and mass transfer phenomena in order to produce specific characteristics in materials. Both isothermal and non-isothermal scenarios are relevant. Typical examples of materials fabrication applications include super alloy metallurgical liquid metal manufacturing [28] , enclosure flows [29] and laser processing of magnetic materials [30] . Thermal radiation by its nature is intrinsically significantly more complex to simulate than conduction or convection. Not only is radiation a quartic temperature function, it also involves spectral effects, wavelength considerations, attenuation, sensitivity to geometrical characteristics and many other aspects. The general equation describing thermal radiation is also integro-differential in nature. For this reason it poses a formidable challenge for even numerical methods. Although numerous approaches have been developed for computing solutions to the radiative transfer equation including Chandrasekhar's discrete ordinates method [31] and Hamaker's 6-flux model [32] , even these methods have their limitations and are computationally extremely intensive. They are also very difficult to implement for multi-physical flows where other body forces e.g. magnetic, gravity, surface tension etc, may be present and generally necessitate the use of commercial CFD (computational fluid dynamics) codes, which are not accessible to the vast majority of academic researchers. An alternative approach has been the use of the algebraic flux approximation. This methodology significantly simplifies radiative transfer problems by replacing the radiation intensity field with a differential formulation, usually of a 1-dimensional nature. While restricted to simpler systems, it does provide a reasonable estimate of radiative flux contribution and is 5 particularly appropriate for problems in which simultaneous convection and conduction heat transfer are present. Examples of this approach are the Traugott P1 differential approximation [33, 34] , the Cogley-Vincenti-Giles non-gray flux approximation [35, 36] , the SchusterSchwartzchild dual flux approximation [37, 38] and the Rosseland-Boltzmann diffusion approximation [39, 40] . The last of these models is generally valid when the optical thickness of the medium in which radiation is propagating is very large (optically thick approximation). As optical thickness (optical depth) increases, thermal radiation is better attenuated in the medium and this induces heating. Optical thickness is a dimensionless quantification of how much a given medium retards the passage of thermal radiation. Radiative intensity falls by an exponential factor when optical thickness is unity. Physically, optical thickness will be a function of absorption coefficient, medium density and propagation distance. Modest [41] provides a succinct discussion of the applicability of the Rosseland-Boltzmann diffusion flux model. Cess [42] [48], Sattar and Kalim [49] and Atdin and Kaya [50] . Several authors have also studied radiative convection flows in the presence of combined Soret and Dufour effects, including Shateyi et al. [51] who also considered magnetic field and Hall current effects in porous media and Olanrewaju and Gbadeyan [52] Carnahan et al. [53] . Extensive validation of the FDM solutions is provided via a finite element method (FEM) based on the weak variational formulation [54] . Further validation is achieved with PSPICE-MAGNETO software employing the electro-thermal network simulation method (NSM) [55] . Recent relevant work in multi-physical materials processing has been communicated by Mabood et al. [56] [57] [58] analysis. All these studies justify further investigation into nonlinear heat and mass transfer in materials processing. In the present investigation, extensive interpretation of the effect of emerging thermophysical parameters on the heat, mass (species) diffusion and flow characteristics is documented. The study is relevant to high-temperature electromagnetic materials fabrication systems. To the authors' knowledge the present problem has not yet received the attention of the research community.
RADIATIVE MAGNETOHYDRODYNAMIC TRANSPORT MODEL
The physical regime under investigation is presented in Fig. 1 . We consider transient T can be expressed as a linear function after using Taylor series to expand 4 T about the free stream temperature  T and neglecting higher-order terms. This results in the following approximation:
To obtain the governing equations and the boundary condition in dimensionless form, the following non-dimensional quantities are introduced for transverse coordinate, velocity, time, temperature and concentration, respectively:
Substituting the above dimensionless variables in equations (2)- (4) and corresponding boundary conditions (5) are:
Dimensionless Energy equation;
The corresponding normalized temporal and spatial initial and boundary conditions are transformed to:
where  represents the dimensionless time, Y is the dimensionless Cartesian coordinate, U is the dimensionless velocity, T is the dimensionless temperature, C is the dimensionless 
(magneto-hydrodynamic body force parameter), . From the concentration field, the effects of various parameters on the local and average mass transfer coefficients can be studied.
The mass transfer rate is quantified via the well-known Sherwood number,
FINITE DIFFERENCE NUMERICAL SOLUTIONS
To solve the non-dimensional system defined by eqns. (8)- (10) under boundary conditions (11),
we employ an implicit finite difference method (FDM). Following Carnahan et al. [53] , the dimensionless partial differential equations are formulated as a set of finite difference equations.
The boundary layer domain is discretized as depicted in Fig. 2 . Let n n T U , and n C denote the 10 values of T U , and C at the end of a time-step respectively. Using the implicit finite difference approximation, the following appropriate set of finite difference equations are generated:
Heat (Energy):
The associated spatial boundary conditions are:
Here the subscript k designates the grid points with Y coordinate and the superscript n represents a value of time, 
approach zero then numerical convergence is achieved i.e. the computational results of the implicit finite difference method approach the actual solutions.
VALIDATION WITH FINITE ELEMENT METHOD (FEM)
The FDM numerical solutions have been validated using a Galerkin finite element method (FEM) based on the variational (weak) formulation, as elaborated in detail in Rao [62] . This approach has been used extensively in recent years in transient and magnetohydrodynamic (MHD) flows. For example Gupta et al. [63] studied non-Newtonian heat transfer from an extending polymer sheet at high temperature with FEM. Other applications which have successfully simulated complex nonlinear flow problems with FEM algorithms include pulsatile magneto-hemodynamics [64] , magnetized micro-continuum polymer flow [65] , oscillatory conducting nanofluid dynamics from circular bodies (spacecraft) [66] and solar collector nanoconvection [67] . FEM uses the opposite approach to FDM, viz numerical integration rather than numerical differentiation, which is infact much more efficient computationally. Applying the Galerkin finite element method to equations (8) to (10) over the element (e) (yjyyk), we have following Bég et al. [64] :
Finite element momentum equation: from other studies and to provide a rigorous benchmark for future simulations, we have also verified the FDM and FEM computations with a network method which is described briefly next.
FURTHER VERIFICATION WITH NETWORK SIMULATION METHOD
The transformed partial differential equations (8) to (10) subject to the temporal and spatial boundary conditions (11) have been solved with the MAG-PSPICE Network Simulation Method software (NSM) approach. This technique is founded on the thermo-electrical analogy and has been implemented in many diverse areas of applied mechanics, thermal sciences and fluid dynamics, being equally adept at solving linear and non-linear, steady or transient, hydrodynamic or coupled transport problems. Network simulation methodology uses the network theory of thermodynamics, in which flux-force relationships in dynamical systems are modelled using electric networks. NSM effectively exploits the formal similarities 13 between the mathematical structure underlying different phenomena with the same balance and constitutive equations and intrinsic to this approach is the design of an "analogous electric circuit" which possesses the same balance and constitutive equations as the physical problem of interest. NSM was introduced by Nagel [68] originally for semiconductor and transient electrical circuit problems. It has more recently been implemented in magnetic tribology (squeeze films for spacecraft landing gear) [69] , magnetic biopolymer materials processing [70] , magneto/electro-rheological (M/ER) smart lubrication [71] systems for earthquake shock protection (seismic bearings) and electro-kinetic stabilization of geotechnical materials [72] . Discretization of the differential equations is founded on the finitedifference methodology, where only a discretization of the spatial co-ordinates is necessary.
Numerical differentiation is implicit in such methods and some expertise is required in avoiding numerical diffusion, instability and convergence problems. construction have been provided in many previous studies and the reader is referred to Zueco and Bég [69] and Bég and Bég [71, 72] . The MAG-PSPICE code is designated the "electric circuit simulator". Nagel [68] has elucidated in detail the local truncation errors present in the original SPICE algorithm. A necessary criterion for using MAG-SPICE effectively is a familiarity with electrical circuit theory. Momentum, temperature and concentration balance "currents" are defined systematically for each of the discretized equations and errors can be quantified in terms of the quantity of control volumes. The user however needs to program methods, we have adopted data from a number of references to achieve physically viable simulations. These include refs. [23] , [44] and [51] which cover all the essential parameters featured in the present model. Furthermore we have used the references [61, 73] for additional guidance as to parameter selection. shown to agree between FEM, network simulation and finite difference methods. The grids used were obviously successively refined to achieve the correct converged solution. Table 1 Values are however consistently positive demonstrating that flow reversal is never induced. The monotonic decay in velocity profiles for any suction value is smoothly computed from the permeable sheet (wall) into the free stream. The asymptotic tendency of profiles indicates and confirms the imposition of an adequately large "infinity boundary condition" and verifies that indeed correct solutions are achieved for the steady state. Greater suction essentially draws the momentum boundary layer closer to the sheet surface i.e. causes stronger adherence which serves to destroy momentum and delay boundary layer separation. An increase in magnetic body force parameter (M) is observed in fig. 4b , to substantially depress the velocity magnitudes, although once again (as with increasing suction) no back-flow is instigated in the boundary layer regime. The magnetic field effect is sustained via a single linear body force term in the dimensionless momentum equation (8), namely -MU. ) ( case is not considered here. Schlichting [75] defines Eckert number as representing the ratio of kinetic energy at the wall to the specific enthalpy difference between wall and fluid i.e. quantifying frictional heat due to mechanical dissipation effects internal to the fluid. It is therefore intimately associated with dissipation created by shear stresses in the fluid at the wall.
FDM COMPUTATIONAL RESULTS AND DISCUSSION
Dissipation takes place mainly where the greatest velocity gradients are and this location is not situated at the wall where the fluid adheres, but in the boundary layer. Gebhart [76] demonstrated very early that positive Eckert number leads to boundary layer acceleration.
Gebhart and Mollendorf [77] further confirmed this trend. The present results would therefore appear to be consistent with other investigations. Fig. 6b indicates that a rise in Soret number fig. 7a is observed to strongly suppress temperatures throughout the boundary layer. A velocity overshoot is also witnessed in close proximity to the wall, and this is amplified with stronger suction effect. Fig. 7b shows that greater magnetic parameter (M) enhances temperatures throughout the regime from the wall to the free stream.
The additional work which must be carried out by the fluid in dragging itself against the imposed magnetic field is dissipated as thermal energy. This results in heating of the fluid and an increase in thermal boundary layer thickness. The effect is prominent and is a classical result in magnetohydrodynamic convection, as identified in many other studies. The pertinence to materials processing is that supplementary heat can be produced with transverse static magnetic fields, to aid in the manipulation of materials which when combined with thermal radiative flux and heat generation, provides engineers with a powerful combination for thermally-induced modification of materials. Fig. 8a shows that the temperatures are enhanced generally with increasing Rosseland-Boltzmann number (R) and also with greater Dufour number (Du). As elaborated earlier the parameter, R represents the relative contribution of radiative to conduction heat transfer. It arises in the augmented thermal diffusive flux term. As this parameter is increased, progressively stronger radiative flux is present which energizes the flow and elevates temperatures and also thermal boundary layer thickness.
Similarly the Dufour number which encapsulates the contribution of species concentration gradients to the thermal field successfully aids in heating the regime and also elevating thermal analysis is therefore required to elaborate the exact mechanism by which this phenomenon arises and will be addressed in a separate study. The asymptotic decay of concentration profiles towards the free stream, for any Soret number is clearly attained in Fig. 10b . 
